Mammalian sperm undergo capacitation in the female reproductive tract or under defined conditions in vitro. Although capacitation is now considered to be mediated by intracellular signaling events, including protein phosphorylation, the regulation of the transduction mechanisms is poorly understood. The objective of the present study was to evaluate the importance of medium components on capacitation of porcine sperm, the appearance of an M r 32 000 sperm protein (p32), and activity of a tyrosine kinase (TK-32). As determined by the ability of the sperm to undergo the A23187-induced acrosome reaction, pig sperm require bicarbonate and calcium but not BSA for capacitation in vitro. The appearance of p32 was assessed by immunoblotting SDS-extracted and separated sperm proteins using an anti-phosphotyrosine antibody. The appearance of p32 requires calcium, although p32 appears even in the absence of bicarbonate in the incubation medium, demonstrating that the appearance of this tyrosine phosphoprotein is not a final end point of pig sperm capacitation. An in-gel tyrosine kinase renaturation assay showed that TK-32 activity depends on calcium and bicarbonate in the incubation medium. Immunoprecipitation experiments using an anti-phosphotyrosine antibody and inhibitor demonstrated that p32 and TK-32 are different proteins. These data indicate that the signal transduction mechanisms of capacitation in pig sperm are different from those in other mammals, suggesting that certain species specificity may exist with respect to this phenomenon.
INTRODUCTION
Mammalian sperm gain the ability to undergo the acrosome reaction (AR) in response to the zona pellucida and penetrate the oocyte only following maturation in the female tract. This process is termed capacitation and was independently discovered 50 yr ago by Austin [1, 2] and Chang [3] . In vitro, this phenomenon can be reproduced in defined media [4] . Capacitation is associated with numer- ous modifications in the sperm plasma membrane, including fluidization [5, 6] , protein-lipid restructuring [7, 8] , altered composition [9, 10] , and increased permeability to various ions [11] .
The mechanisms of capacitation remain poorly understood, particularly in the pig; most studies have been conducted on other mammals. Cholesterol efflux from the head plasma membrane is believed to initiate a signal transduction pathway [12, 13] , and capacitation is strongly associated with reduced membrane cholesterol and, consequently, a lower cholesterol:phospholipid (C:P) ratio [10] . Cholesterol efflux has been demonstrated in numerous studies but with only human or rodent sperm [14] [15] [16] [17] . During capacitation in vitro, cholesterol efflux is mediated by BSA, which is thus considered to be necessary for capacitation in many species [18] . BSA is less critical for capacitation of pig sperm in vitro [19, 20] .
In many species, calcium influx to sperm also occurs during capacitation [21] [22] [23] [24] [25] and may activate one or more enzymatic systems or pathways. For example, adenylate cyclase increases during capacitation [26, 27] and in response to calcium [28] [29] [30] . Bicarbonate also activates sperm adenylate cyclase [31] [32] [33] and rapidly fluidizes pig sperm plasma membranes [4] . Thus, both calcium and bicarbonate support capacitation, and their roles are probably interrelated, as indicated by observations that bicarbonate stimulates calcium uptake in porcine sperm [25] and is necessary for calcium influx into mouse sperm [34] .
As in many mammals, sperm capacitation in pigs requires Ca 2ϩ [19, 24] and bicarbonate [35] [36] [37] [38] [39] . The sequence of events for pig sperm capacitation is similar inother ways to that in other species. Tyrosine phosphorylation of mouse, human, bull, and hamster sperm proteins is associated with capacitation [40] [41] [42] ; tyrosine phosphorylation of sperm proteins also occurs during capacitation in the pig [43, 44] . We have recently demonstrated that tyrosine phosphorylation of an M r 32 000 pig sperm protein (p32) and the activation of an M r 32 000 tyrosine kinase (TK-32) occur concomitant with capacitation [45] .
The primary objective of the present study was to evaluate the importance of medium components on capacitation of porcine sperm, tyrosine phosphorylation of sperm proteins (particularly p32), and activity of TK-32. The secondary objective was to use these findings in combination with immunoprecipitation and inhibitor experiments to determine whether p32 and TK-32 are the same molecule. The results presented here suggest that capacitation of pig sperm is mediated by a signal transduction pathway that is slightly different than that of other species and that p32 and TK-32 are different proteins. 
MATERIALS AND METHODS

Chemicals
Molecular weight standards were obtained from Amersham International (Oakville, ON, Canada). Acrylamide N,NЈ-methylene bisacrylamide, ammonium persulfate, and tris (hydroxymethyl) aminoethane (Tris) were from BioRad Laboratories (Mississauga, ON, Canada). Monoclonal mouse anti-phosphotyrosine antibody (clone 4G10) was purchased from Upstate Biotechnology (Lake Placid, NY), peroxidase-conjugated goat anti-mouse antibody was from BioRad, and anti-mouse IgG agarose conjugates were from Santa Cruz Biotechnology (Santa Cruz, CA). Other chemical products were from Sigma Chemical Company (St. Louis, MO).
Culture Media
The principal culture media used were based on Krebs Ringer bicarbonate [46] as described by Tardif et al. [45] . 
Sperm Preparation and Treatments
Semen was collected from fertile boars by the gloved-hand method [47] . The sperm-rich fraction was diluted with Beltsville Thawing Solution [48] at the Centre d'Insémination Porcine du Québec (St-Lambert, QC, Canada) and transported to the laboratory at 16ЊC within 20 min. The diluted semen was divided into two portions, centrifuged once (10 min, 22ЊC, 270 ϫ g), and diluted (4 ϫ 10 7 sperm/ml). The first portion was diluted in CM to induce capacitation, and the second portion was resuspended in NCM as a noncapacitating negative control. Sperm were then incubated at 39ЊC in a 5% CO 2 humidified atmosphere for up to 4.5 h.
Evaluation of Sperm Capacitation
Sperm capacitation was determined by the ability of the sperm to undergo the A23187-induced AR as described previously [49] . Calcium (2 mM) was added to calcium-depleted medium (NCM) before induction with A23187. Acrosome-reacted sperm were identified using fluoresceinlabeled Pisum sativum agglutinin as previously described [49] .
Isolation of Pig Sperm Proteins
Sperm proteins were isolated as described previously [45] . During incubation in either NCM or CM, sperm aliquots were taken (1-5 ϫ 10 6 sperm) at different times. Sodium orthovanadate (0.2 mM) was added, and the aliquots were centrifuged briefly to isolate a sperm pellet (2-5 min, 13 000 ϫ g). The pellet was resuspended in sample buffer [50] without ␤-mercaptoethanol and boiled for 2-5 min. The sperm solution was centrifuged (2-3 min, 13 000 ϫ g), and the resulting supernatant was boiled in sample buffer with ␤-mercaptoethanol (5%) for 2-5 min. The sperm protein sample was then subjected to SDS-PAGE.
SDS-PAGE and Western Blotting
Sperm proteins were separated by SDS-PAGE on 12% polyacrylamide gels and transferred electrophorectically [45, 51] 
) to polyvinyldienne fluoride (PVDF) membranes. Nonspecific protein-binding sites on the membrane were blocked with 5% dry nonfat milk in Trisbuffered saline (TBS; 25 mM Tris-HCl pH 7.4, 150 mM NaCl). The PVDF membrane was incubated with anti-phosphotyrosine antibodies for 1 h at 1:20 000 in TTBS (TBS ϩ 0.5% Tween 20). After washing (10 min, three times), the blot was incubated with peroxidase-conjugated goat anti-mouse antibodies at 1:20 000 in TTBS for 45 min and washed again. Labeled proteins were revealed using enhanced chemiluminescence detection with the ECL kit (Amersham) according to the manufacturer's instructions.
Enzyme Renaturation after SDS-PAGE
Sperm proteins prepared as described and separated according to their molecular weights by SDS-PAGE with 100 g/ml poly glu-tyr (4:1) copolymerized in the gel matrix. Sperm protein kinase renaturation was performed as previously described [45] . SDS was removed at room temperature (RT) from gels by one wash overnight in buffer A (20% propan-2-ol, 50 mM imidazole, 28 mM iminodiacetic acid) followed by another wash for 60 min (buffer A containing 10 mM ␤-mercaptoethanol; RT). To unfold the proteins, gels were placed in plastic bags for 90 min (buffer A containing 8 M guanidine-HCl, 10 mM ␤-mercaptoethanol). Gels then were incubated four times (and buffer refreshed) at 4ЊC with gentle agitation in buffer A (containing 10% sucrose, 0.04% Tween 20, 10 mM ␤-mercaptoethanol); the first and second incubations were for 90 min, the third was overnight, and the last was for 60 min. Gels were equilibrated in buffer B (10 mM Hepes-NaOH pH 7.4, 20 mM MgCl 2 , 5 mM MnCl 2 , 0.2 mM Na 3 VO 4 , 10 mM ␤-mercaptoethanol) for 60 min at RT. Subsequently, kinase renaturation, activation, and substrate phosphorylation proceeded in plastic bags on a rotative agitator in buffer B including 100 Ci ATP-␥-32 P. Gels were successively washed with 5% trichloroacetic acid, 1% pyrophosphate, and 10% phosphate (monobasic). When the matrices were considered to be nonradioactive as evaluated by Geiger counting (i.e., in the corner of the gel away from the proteins), the gels were dehydrated in 10% methanol (1 h, RT) and dried. Gels were then exposed on phosphorscreens, and substrate phosphorylation was quantified by phosphorimagery (PhosphorImager; Molecular Dynamics, Sunnyvale, CA).
Immunoprecipitation
Sperm were solubilized (45 min, 40 ϫ 10 6 cells) in 2% 3-[(3-cholamidopropyl)dimethylammonio]-1-propanesulfonate, 50 mM Tris-HCl pH 7.4, 0.2 mM Na 3 VO 4 , 2 mM EGTA, 2 mM EDTA, 0.1 mg/ml leupeptin, 0.05 mg/ml aprotinin, 0.02 mg/ml pepstatin, and 1 mM PMSF. Anti-phosphotyrosine antibodies (5-10 g) were added to the sperm proteins and gently agitated at 4ЊC overnight. The immunocomplexes were sequestered by adding 100 l of agarose bead slurry and gently agitating at 4ЊC for 2 h. The agarose beads containing the immunocomplexes were collected by pulsed centrifugation (5 sec, 13 000 ϫ g), and the supernatant was reserved for acetone precipitation of the proteins not immunoprecipitated by the anti-phosphotyrosine antibody. The agarose beads were washed three times with PBS, resuspended in sample buffer, and boiled. Western blotting and enzyme renaturation of the anti-phosphotyrosine immunoprecipitates and supernatant proteins were performed as described above.
Statistical Analyses
Differences in the percentages of capacitated and viable sperm due to treatment (NCM vs. CM) or time were determined by ANOVA using general linear model procedures [52] . A Fisher protected least significant difference test was conducted when the main effect was significant (P Ͻ 0.05).
RESULTS
Effects of BSA, Bicarbonate, and Calcium on Protein Tyrosine Phosphorylation and Capacitation
Protein tyrosine phosphorylation patterns were unchanged by the addition of BSA or HCO 3 Ϫ to NCM separately (Fig. 1, A and B, left) . However, a faint band corresponding to p32 was occasionally apparent from sperm incubated in calcium ϩ NCM after 3 h (Fig. 1C, left) . The capacitation state was unaffected by the inclusion of each these compounds in NCM (P ϭ 0.76; Table 1 ).
When sperm were incubated in CM devoid of either BSA or HCO 3 Ϫ , no effect on protein tyrosine phosphorylation was observed over time (Fig. 1, A and B, right) . Elimination of either BSA or bicarbonate from CM did not change the appearance of any phosphotyrosine-containing proteins, including p32. No change in the percentage of capacitated sperm was observed when BSA was absent in the CM (Table 1) ; however, the removal of bicarbonate inhibited capacitation (Table 1 ; P Ͻ 0.001). Figure 1C shows that when the sperm were incubated in CM depleted of calcium, the appearance of the tyrosine phosphoprotein, p32, decreases markedly. Capacitation was also inhibited when the sperm were incubated in CM without calcium for 3 h (Table 1 ; P Ͻ 0.001).
REQUIREMENTS FOR CAPACITATION
6 sperm/lane). Western blots of antiphosphotyrosine-labeled proteins isolated from sperm incubated for the indicated times (in hours) in NCM or in CM (which contains 0.6% BSA, 25 mM NaHCO 3 , and 2 mM CaCl 2 ) supplemented with or depleted of BSA, bicarbonate, or calcium. These experiments were performed at least four times with similar results. Representative experiments are shown. The p32 protein is present in sperm in CM regardless of the presence or absence of BSA (A) or Na-HCO 3 (B) but appears only in sperm in media containing CaCl 2 (C). 2 . Effect of bicarbonate and calcium on the relative activities of the M r 32 000 sperm kinase (TK-32) renatured in SDS gels containing tyrosine kinase substrate:poly glu-tyr (4:1) (n ϭ 3). Sperm were incubated for 3 h in complete CM (containing 2 mM CaCl 2 , 25 mM NaHCO 3 , and 0.6% BSA) or in CM depleted of either bicarbonate or calcium prior to protein extraction and enzyme renaturation. The relative 32 P-labeling of the three TK-32 bands is expressed as percentages of the combined activities (per repetition). Different letters indicate significant differences due to medium (P Յ 0.001).
Effect of Bicarbonate and Calcium on Protein Tyrosine Kinase (TK-32) Activity
The tyrosine kinase activity of TK-32, an M r 32 000 enzyme, is stimulated in capacitated sperm, and we previously speculated that TK-32 is the same molecule as p32 (a tyrosine kinase substrate) [45] . As evaluated by phosphoimagery, TK-32 activity was inhibited when the sperm were incubated for 3 h in CM depleted of either bicarbonate or calcium ( Fig. 2 ; P Ͻ 0.001). The activity of TK-32 was similar whether the CM was depleted of bicarbonate or calcium (P ϭ 0.86). 6 sperm/lane) (A) and relative activities of the M r 32 000 sperm kinase (TK-32) renatured in SDS gels containing tyrosine kinase substrate:poly glu-tyr (4:1) (B). These experiments were performed at least three times with similar results. The p32 protein is present in sperm in CM after 3 h regardless of the presence of bistyrphostin (A), but TK-32 activity is abolished by the inhibitor (B).
p32 and TK-32 Are Not the Same Protein
Tyrosine kinase activity was detected only in the supernatant of the tyrosine phosphotyrosine immunoprecipitation experiment (Fig. 3) . The identities of neither TK-32 nor p32 are known, although we have speculated that they may be the same protein [45] . However, contrary to this hypothesis, p32 (from the immunoprecipitate) possesses no tyrosine kinase activity, although p32 was still detected in the supernatant after immunoprecipitation because all sperm antigens cannot be precipitated (data not shown). The fact that the anti-phosphotyrosine antibody did not immunoprecipiate TK-32 (Fig. 3, lane 2 ) strongly suggests that p32 and TK-32 are not the same protein.
In agreement with the immunoprecipitation results, the appearance of p32 and TK-32 activity differed in response to the tyrosine kinase inhibitor bistyrphostin (Fig. 4) . The appearance of p32 was not reduced at all by the inclusion of bistyrphostin during incubation for 3 h (Fig. 4A) . In contrast, the activity of TK-32 was eliminated (Fig. 4B) .
DISCUSSION
Protein phosphorylation has been implicated in regulating sperm capacitation in several species, including the mouse, human, bull, boar, and hamster [18, 44] . The appearance of p32 coincides with capacitation, suggesting that this boar sperm protein is a tyrosine kinase substrate that is phosphorylated during capacitation [45] . In the present study, different medium components were examined to establish their importance to pig sperm capacitation and the associated signaling events. BSA, bicarbonate, and calcium are all components that are generally accepted as necessary for in vitro capacitation of sperm from various mammalian species [18, 53] .
BSA Is Not Essential
Both capacitation and the appearance of p32 were unchanged by the exclusion of BSA from CM. These data support previous suggestions that BSA is not essential for capacitation of porcine sperm [19, 20] . Albumin mediates the loss of cholesterol from sperm membranes, thus reducing the C:P ratio [14, 16, 54] . However, the C:P ratio of the plasma membrane of boar sperm is already considerably lower than that of other species even before capacitation; it is only 0.2 in boar sperm [55] compared with 0.4 in bovine sperm [56] and 0.99 in human sperm [57] . Thus, because the C:P ratio of boar sperm plasma membrane is relatively low, albumin-mediated cholesterol efflux may not be necessary during capacitation, as indicated by the apparent unimportance of BSA to capacitation and p32 appearance. For this reason, the effect of BSA on the activity of the TK-32 enzyme was not evaluated.
Importance of Bicarbonate and Calcium
In contrast, bicarbonate was necessary for capacitation of pig sperm and maximal TK-32 activity but not for the appearance of p32. The importance of calcium for boar sperm is similar to that for hamster sperm; exclusion of bicarbonate from the medium did not block the appearance of phosphotyrosine-containing proteins associated with capacitation in hamster sperm [58] . However, in the mouse, bicarbonate is required for both protein tyrosine phosphor-ylation and capacitation [40] . In human sperm, bicarbonate is also required for capacitation and is associated with the redox status linked to tyrosine phosphoprotein appearance [59] .
Bicarbonate rapidly destabilizes boar sperm plasma membranes and leads to increased calcium flux into both the head and tail [25] . The plasma membranes from pig sperm were also fluidized by elevating cAMP using the phosphodiesterase inhibitor isobutylmethylxanthine [4, 39] . Bicarbonate itself also stimulates adenylate cyclase activity and transiently increases sperm cAMP levels [31] that are thought to favor protein tyrosine phosphorylation during capacitation [31, 60] . Kalab and coworkers [43] noted that pig sperm contain endogenous phosphodiesterase inhibitors. During capacitation, these natural inhibitors may permit a sufficiently high level of cAMP and membrane destabilization to facilitate calcium influx. The subsequent action of calcium would then cause tyrosine phosphorylation and the appearance of p32. In human sperm, protein tyrosine phosphorylation is also associated with capacitation, and as observed here, tyrosine phosphorylation alone was not sufficient for the completion of capacitation [61] . The appearance of the tyrosine phosphoprotein p32 is not itself indicative of full capacitation of pig sperm. Conversely, TK-32 activation may be more representative of the capacitation state; the absence of bicarbonate inhibited both its kinase activity and capacitation. Supplementing NCM with bicarbonate alone did not induce capacitation or p32 appearance, suggesting that bicarbonate acts in concert with calcium (Table 1 and Fig. 1) .
The appearance of p32 in CM without bicarbonate is therefore due to calcium action on tyrosine kinase(s) and/ or phosphatases(s) that are as yet not identified. Capacitation, the appearance of p32, and TK-32 activity were all inhibited when the sperm were incubated in CM without calcium. Furthermore, the emergence of p32 and TK-32 activation are both calcium dependent and associated with capacitation. Nevertheless, in the CM depleted of bicarbonate, the calcium alone was not able to induce capacitation, underlining the necessity of bicarbonate even in the presence of calcium. Therefore, despite its importance in the signaling events related to capacitation of porcine sperm, calcium alone is insufficient.
These results suggest that the roles of bicarbonate and calcium are difficult to separate and there is probably an interaction between them. Figure 1 shows that NCM with calcium does not support the appearance of p32, even though its presence was expected based on the findings with CM Ϯ calcium, suggesting that calcium alone is not sufficient for p32 appearance. The appearance of p32 must be associated with some interaction between calcium and bicarbonate or even BSA. In the case of CM without bicarbonate, the calcium presumably initiates the pathway leading to the appearance of p32. However, the sperm remain unable to undergo capacitation, probably because the requisite architectural modifications to the plasma membrane cannot occur in the absence of bicarbonate [39] .
p32 and TK-32 Are Not the Same Protein
Moreover, the differing effects of bicarbonate and calcium on the in-gel tyrosine kinase renaturation experiments indicate that p32 is not the same protein as TK-32. The TK-32 activity is appreciably diminished in the absence of either bicarbonate or calcium in the CM (Fig. 2) , whereas only calcium depletion affected p32 appearance (Fig. 1) .
Also, immunoprecipitation with anti-phosphotyrosine antibodies to remove p32 did not eliminate TK-32 activity from the supernatant (Fig. 3) . TK-32 is not tyrosine phosphorylated because TK-32 activity was not present in the antiphosphotyrosine antibody immunoprecipitates. This experiment indicates that these two proteins of M r 32 000 (p32 and TK-32) are different and that TK-32 itself is not tyrosine phosphorylated. These results are supported by experimentation with a tyrosine kinase inhibitor, bistyrphostin (Fig. 4) , which did not alter p32 appearance but abolished TK-32 activity. However, definitive differentiation of these two proteins will only be achieved after proteomic identification and immunoprecipation using antibodies specific to one or both. Although TK-32 has not been identified, its activity, which is clearly maximized by the simultaneous presence of bicarbonate and calcium (both of which are required for capacitation), probably is involved in the pathway leading to complete capacitation.
Speculative Mechanism of Capacitation
In this study, we observed two levels of regulation during capacitation of pig sperm at different stages: 1) the appearance of p32, a tyrosine kinase substrate, and 2) the activity of TK-32, a putative tyrosine kinase. The appearance of p32 is calcium dependent, and p32 is downregulated without this ion. However, p32 appears even in the absence of bicarbonate in calcium-containing medium. Calcium, therefore, is able to stimulate the formation of p32, but without bicarbonate the degree of membrane destabilization is not adequate for the completion of capacitation. Possible explanations for these findings are that the calcium acts to activate a tyrosine kinase or to block a tyrosine phosphatase. Either way, the outcome would be the enhancement of p32. Alternatively, calcium may interact with an effector enzyme such as PLC␥ or PK-C, which could stimulate a specific tyrosine kinase whose activity would yield p32. Leclerc et al. [62] showed that calmodulin was modulated during capacitation of bull sperm. Calmodulinbinding proteins have recently been localized on the bovine sperm subacrosomal and postacrosomal regions during capacitation in the presence of calcium [63] . Capacitation of pig sperm may be accomplished via a tyrosine kinase using this amplification system. Calcium has a high affinity for calmodulin, and their association changes the conformation of calcium and induces binding to an effector, such as a kinase or a cAMP-phosphodiesterase [64] . Although the activity of sperm TK-32 increases in a manner dependent on the presence of bicarbonate and calcium, the details of its regulation are unknown. However, identification of TK-32 will facilitate the elucidation of this mechanism.
Although enhanced tyrosine phosphorylation of sperm proteins due to calcium during capacitation has been shown in the mouse [40] , extracellular calcium inhibits protein tyrosine phosphorylation in human sperm [65, 66] . Such dephosphorylation may be regulated through the activation of a phosphatase, calcineurin [66] . Such phosphatases may be less sensitive to calcium in mouse and pig sperm than in human sperm.
Our data demonstrate that in pig sperm, bicarbonate and calcium play crucial roles in the capacitation process. The tyrosine phosphoprotein p32 appears during capacitation in a calcium-dependent manner, but its presence is not a prerequisite for capacitation of pig sperm, although capacitation always occurs when this protein is present. However, the presence of BSA does not alter capacitation or the ap-pearance of p32. We also demonstrated that both bicarbonate and calcium stimulate the tyrosine kinase activity of TK-32. Although it is generally accepted that protein tyrosine phosphorylation accompanies capacitation of mammalian sperm, certain aspects of this process are species specific, and the specific tyrosine phosphoproteins and the regulation of their appearance differ considerably among species. Further studies to identify both p32 and TK-32 and to elucidate their roles in capacitation are currently underway in our laboratory.
